The gas-phase clustering reactions of OCS ϩ , S 2 ϩ , H ϩ (OCS), and C 2 H 5 ϩ ions with carbonyl sulfide (OCS) molecules were studied using a pulsed electron-beam high-pressure mass spectrometer and applying density functional theory (DFT) calculations. In the cluster ions OCS ϩ (OCS) n and H ϩ (OCS)(OCS) n , a moderately strong, here referred to as "semi-covalent", bond was formed with n ϭ 1. However, the nature of bonding changed from semi-covalent to electrostatic with n ϭ 1 ¡ 2. The bond energy of S 2 ϩ (OCS) was determined experimentally to be 12.9 Ϯ 1 kcal/mol, which is significantly smaller than that of the isovalent S 2 ϩ (CS 2 ) complex (30.9 Ϯ 1.5 kcal/mol). DFT based calculations predicted the presence of several isomeric structures for H ϩ (OCS)(OCS) n complexes. The bond energies in the C 2 H 5 ϩ (OCS) n clusters showed an irregular decrease for n ϭ 1 ¡ 2 and 7 ¡ 8. The nonclassical bridge structure for the free C 2 H 5 ϩ isomerized to form a semi-covalent bond with one OCS ligand, [H 3 CCH 2 
ÊSCO]
ϩ , i.e., reverted to classical structure. However, the nonclassical bridge structure of C 2 H 5 ϩ was preserved in the cluster ions C 2 H 5 ϩ (OCS) n below 140 K attributable to the lack of thermal energy for the isomerization. DFT calculations revealed that stability orders of the geometric isomers of H [1] . The compound is released into the atmosphere by oceans, biomass burning, oxidation of CS 2 , as well as by anthropogenic sources, e.g., tire wear, aluminum production, coal combustion, and sulfur recovery. Terrestrial vegetation, soils, and photolysis help to remove it from the atmosphere [2] . OCS is the major source of stratospheric background aerosol because of its high abundance (ϳ500 ppt) and long lifetime (2-7 y) in the troposphere. Owing its physico-chemical properties, OCS contributes significantly to the earth's radiation budget and is of considerable importance in heterogeneous reactions involved in chemical ozone destruction [3] . The compound has also been detected in the interstellar medium [2] .
Ionic complexes are key constituents of interstellar matter and are essential to many chemical processes on earth. Although studies of ion/molecule reactions are subject to extensive investigations, such studies for OCS are scarce.
Ono et al. [4] investigated molecular beam photoionization of (OCS) n , n ϭ 1-3, and OCS·CS 2 . From the measured ionization energies of (OCS) n , n ϭ 1 and 2, and OCS·CS 2 , the binding energies for OCS ϩ (OCS) and CS 2 ϩ (OCS) were computed as 17.2 Ϯ 1 and 5.6 Ϯ 1 kcal/mol, respectively. McKee [5] ÅperformedÅanÅab initio study on OCS ϩ (OCS) and predicted that this species is bound by a two-center three-electron bond between the two sulfur atoms. At the UHF/6 -31G* level, the lowest energy structure had C 2 symmetry with a SÊS distance of 2.866 Å. At the [MP4/6-31 ϩ G*]ϩZPE level, the bond energy was calculated to be 19.9 kcal/mol. Jacox et al. studied infrared spectra of OCS ϩÅ andÅ OCS ϪÅ trappedÅ inÅ solidÅ neonÅ [6] .Å WithÅ the codeposition of microwave-excited Ne:OCS at 5 K, the spectrum of the resulting deposit showed absorptions which they assigned to OCS ϩ , OCS 
Experimental and Computational Methods
The experiments were performed with a pulsed electron-beamÅ high-pressureÅ massÅ spectrometerÅ (HPMS)Å [7, 8] .ÅTheÅequilibriaÅforÅclusteringÅreactionÅwereÅestab-lished in the HPMS experiments immediately following the electron pulse, and equilibrium constant measurements were straightforward. The carrier gas, which was either CH 4Å orÅ Ar,Å wasÅ purifiedÅ byÅ passingÅ itÅ throughÅ a dry-ice acetone cooled 5 Å molecular sieve trap. The OCS gas was added to the carrier gas through a stainless steel capillary (0.1 mm ϫ 1 m). The total pressure of the gaseous mixture in the ion source was a few torr and the partial pressure of OCS was varied from 10 to 100 mTorr. The gas mixture was ionized with a pulsed 2 keV electron beam, and the ions produced were sampled through a slit made with razor blades. The width of the slit was 10 m and the length 1 mm. Since the width of the slit was smaller than the mean free path at a few torr of the carrier gas, the ions were sampled through the slit by molecular flow, i.e., adiabatic cooling of the effusing gas during the ion sampling was negligible. Thermochemical data (⌬G o , ⌬H o , and ⌬S o ) were obtained by measuring the temperature dependence of the equilibrium constant K using the van't Hoff equa-
ϩ OCS(OCS) n , and C 2 H 5 ϩ (OCS) n were determined with theÅ B3LYP/6Å -311G(d)Å methodÅ [9] .Å ForÅ theÅ firstÅ three clusters, B3LYP/6-311ϩG(d,p) calculations were also carriedÅ out.Å AfterÅ fullÅ geometryÅ optimizations,Å vibrational analyses were performed to determine whether the geometries were correctly optimized for stable species and to obtain zero-point vibrational energies (ZPE). Isomeric structures were carefully examined. The n ϭ 1 bond energies were also assessed using G2(MP2) calculationsÅ [10] .Å AllÅ calculationsÅ wereÅ carriedÅ outÅ withÅ the aidÅ ofÅ GaussianÅ 98Å programÅ [11] Å installedÅ atÅ theÅ Compaq ES40 in the Information Processing Center (Nara University of Education, Nara, Japan). 
Results and Discussion

Primary Ion/Molecule Reactions in OCS
The proton transfer reaction, C 2 H 5 ϩ ϩ OCS ¡ H ϩ (OCS) ϩ C 2 H 4 , is endothermic, and the clustering reaction (eq 2) is the major process in the reaction of C 2 H 5 ϩ with OCS.
Similarly, the H ϩ (OCS) formed in the same experiments was observed to cluster with OCS as illustrated in reaction (eq 3).
The equilibrium constants for reactions (eq 2) and (eq 3) were measured to a temperature just above that of the OCS gas condensation point. When Ar was used as carrier gas, S ϩ , OCS ϩ , and S 2 ϩ were major ions observed and S 3 ϩ was a minor ion. The following ion/molecule reactions are proposed in the presence of Ar.
The rate constants for reactions (eq 5), (eq 6), and [(eq 7) at 300 K have been reported as 5. (OCS) n were recorded following the electron pulse, and equilibria for clustering reactions (eq 8) and (eq 9) were determined.
These observations indicate that the conversions of OCS ϩ to S 2 ϩ by reaction (eq 6) and the conversion of S 2 ϩ to S 3 ϩ by reaction (eq 7) were slow under the present experimental conditions. The slow decay of OCS ϩ is inconsistent with the reported rate constant of 3.2 ϫ 10 Ϫ10Å cm 3 /molecule·sÅ forÅ reactionÅ (6),Å whichÅ predictsÅ a reactive lifetime of OCS ϩ of ϳ 1 s under the experimentalÅ conditionsÅ usedÅ [13] .Å ThisÅ alsoÅ impliesÅ thatÅ the S 2 ϩ ionÅ isÅ formedÅ primarilyÅ byÅ reactionÅ (eqÅ 4-2)Å [14] , followed by reaction (eq 5), and not by reaction (eq 4-1) followedÅ byÅ reactionÅ (eqÅ 6),Å asÅ wouldÅ beÅ expectedÅ based on the published rate constants. A weak S 3 ϩ signal was observed during the electron pulse. However, the relative intensity of this ion did not increase after the electron pulse. It could, therefore, be concluded that the rate constant of 5.8 ϫ 10
Ϫ12 cm 3 /molecule·s reported for reactionsÅ (eqÅ 7)Å [13] Å isÅ alsoÅ overestimated.
FigureÅ 1Å showsÅ theÅ netÅ atomicÅ chargesÅ inÅ theÅ OCS molecule and the shape of the highest occupied molecular orbital (HOMO) (RB3LYP/6-311G*). It is seen that the HOMO has a large spatial extension on the sulfur atom, which facilitates electron-transfer (ET) toward cation species, such as OCS ϩ , S 2 ϩ , H ϩ OCS, and C 2 H 5 ϩ . However, the sulfur atom is positively charged (ϩ0.049e),ÅwhichÅisÅunfavorableÅforÅtheÅCoulombic interaction with a cation. Thus, if the ET interaction is weak, it can be expected that the negatively charged oxygen atom of OCS, and not the sulfur atom, would interact with a cation. Our study examines this bifunctionality of OCS toward cationic sites.
Clustering Reactions of OCS
ϩ and S 2 ϩ with OCS The OCS molecule is isovalent with CO 2 and CS 2 , therefore, it is of interest to compare the bond energies of the dimer cations, M 2 ϩ , of these molecules. For M ϭ CO 2 ,Å OCS,Å andÅ CS 2Å theÅ bondÅ energiesÅ areÅ 15.6Å ϮÅ 1.0,Å [15] 23.9Å ϮÅ 2.0Å (measuredÅ inÅ thisÅ study),Å andÅ 24.9Å ϮÅ 1.5Å [16] kcal/mol,Årespectively.ÅTheÅionizationÅenergiesÅare 13.77 eV for CO 2 , 11.17 eV for OCS, and 10.07 eV for CS 2 . The stronger bonds in (OCS) 2 ϩ and (CS 2 ) 2 ϩ than that in (CO 2 ) 2 ϩ is thus explained by the formation of S ÊS bonds, with extensive electron-transfer (ET), in (OCS) 2 ϩ and (CS 2 ) 2 ϩ complexes. The two-center three-electron bond is likely to be formed by intermolecular orbital interactions.ÅSchemeÅ1a showsÅthatÅETÅcontributesÅtoÅthe formation of the S Ê S bond. Configurations such as HOMO of OCS and SOMO of OCS ϩ both have large orbital lobes on the sulfur atom. The (HOMO ¡ SOMO) 
ET, i.e., the electron delocalization, produces (S Ê S) semi-covalent bond. The (SOMO ¡ LUMO) back ET in SchemeÅ 1a alsoÅ contributesÅ toÅ theÅ bondÅ formation.Å The bond is almost free from Coulombic repulsion, because the sulfur atom in OCS is nearly neutral (ϩ0.049e in FigureÅ 1 ).Å InÅ contrast,Å theÅ oxygenÅ atomÅ inÅ CO 2 has more anionic character, and the O ϭ C ϭ OÊO ϭ C ϭ O ϩ geometry is improbable. Indeed, (CO 2 ) 2 ϩ is known to have the O ϭ C ϭ OÊCO 2 ϩ coordination, in which the LUMO (not SOMO) of CO 2 ϩ is the electron acceptor. The explanation for the proposed twisted structure of (OCS) 2 ϩ ion is offered below. Assuming that the SÊS one-site interaction through ET were the sole factor determining the geometry, a C 2h -symmetry trans geometry would be obtained. Such exchange interaction is depictedÅ inÅ SchemeÅ 1b.Å InÅ theÅ typicalÅ configuration,Å the trans planar geometry is subject to repulsion between the two doubly occupied orbitals, n S and the nodeless . However, the repulsion would be eliminated in a twisted structure of C 2 -symmetry.
FigureÅ 3Å depictsÅ theÅ geometries of OCS ϩ (OCS) n for n ϭÅ1,Å3,ÅandÅ5ÅcalculatedÅwithÅtheÅB3LYP/6Å -311G(d) method. The geometries for n ϭ 2 and 4 were also obtained but are not presented for brevity. Our study found that the n ϭ 1 geometry had C 2 symmetry and that the cationic charge was delocalized in the two OCS moieties through a two-center three-electron bond, as discussed above. This is in agreement with the report by McKeeÅ [5] .Å TheÅ n ϭÅ 2Å geometryÅ wasÅ determinedÅ toÅ beÅ of Cs symmetry (figure not shown) with O ϭ C ϭ SÊ(SCO) ϩ Ê S ϭ C ϭ O coordination. The character of a two-center three-electron bond is largely lost. Transition to a mainly electrostatic interaction of the cation with twoÅ neutralÅ OCSÅ moleculesÅ explainsÅ theÅ largeÅ fall-offÅ in the bond energies, 23.9 Ϯ 2.0 ¡ 7.8 Ϯ 0.4 kcal/mol, (see TableÅ 1 ).Å ThereÅ areÅ threeÅ geometricÅ isomersÅ forÅ n ϭÅ 3.Å In n ϭ 3(a), the oxygen atom O(10) of the third OCS ligand is linked with S(2), S(4), and C(1). This triple coordination makes the n ϭ 3(a) cluster the most stable one. The n Ͼ 2 clusters are controlled by electrostatic attractions. Sterically,Å theÅ n ϭÅ 5Å clusterÅ isÅ aÅ saturationÅ shell.
The computed bonding energies (Ϫ⌬E n-1,n ) of the OCS ϩ (OCS) n cluster are shown in the left column of TableÅ 1.Å TheÅ B3LYPÅ Ϫ⌬E 0,1 value of 27.45 (27.40 at zero point energy) kcal/mol, is somewhat larger than the experimental one, 23.9 Ϯ 2.0 kcal/mol and the G2(MP2) energy (22.97 kcal/mol). However, the B3LYP Ϫ⌬E 1,2 value of 7.89 (7.92 at zero point energy) kcal/mol, is in good agreement with the present experimental one of 7.8 Ϯ 0.4 kcal/mol. The literature value of 1.6 kcal/mol, [4] 
It should be noted that the bond energy of S 2 ϩ (OCS) (12.9 Ϯ 1 kcal/mol) is much smaller than that of the isovalent S 2 ϩ (CS 2 ) complex. In the latter complex, a linearÅ butÅ twistedÅ shape,Å S-S ϩ ÊS-C-S with the formationÅofÅsemi-covalentÅbondÅwasÅpredictedÅ [16] .ÅThe weaker bond energy for S 2 ϩ (OCS) means that the (OCS ¡ S 2 ϩ ) ET is much smaller than that for S 2 ϩ (CS 2 ). The HOMO energy of OCS is Ϫ169.43 kcal/mol (Ϫ0.27 a.u.;1 a.u. ϭ 627.51 kcal/mol), (RHF/STO-3G*), and that of SCS is Ϫ138.05 kcal/mol (Ϫ0.22 a.u.), which suggests that OCS has a larger ionization potential (IP) than SCS. In fact, the B3LYP/6-311G* calculated IP values for OCS are IP(OCS) ϭ 257.7 kcal/mol (11.18 eV) and for SCS IP(SCS) ϭ 232.8 kcal/mol (10.10 eV), respectively. These theoretical values are in excellent agreement with quoted above experimental values of 11.17 eV (OCS) and 10.07 eV (SCS). The inferior ET ability of OCS compared with that of SCS explains the lower bond energy value measured for the S 2 ϩ ÊOCS complex than bond energy value of S 2 ϩ ÊSCS complex. The equilibrium constants for reaction S 3 ϩ ϩ OCS ϭ S 3 ϩ (OCS)ÅcouldÅnotÅbeÅmeasuredÅdueÅtoÅweakÅsignal intensities.
Clustering Reaction of H ϩ (OCS) with OCS
The experimentally determined equilibrium constants for the formation of H ϩ (OCS)(OCS) n , as specified in reactionÅ(eqÅ3),ÅareÅdisplayedÅasÅvan'tÅHoffÅplotsÅin FigureÅ 4Å andÅ correspondingÅ thermochemicalÅ dataÅ are listedÅ inÅ TableÅ 1.Å AsÅ inÅ theÅ caseÅ ofÅ reactionÅ (eqÅ 8)Å (see FigureÅ 2) ,Å thereÅ isÅ aÅ largeÅ gapÅ inÅ theÅ van'tÅ HoffÅ plots between n ϭ 1 and 2. The existence of such gap suggests that a relatively strong semi-covalent bond is formed in theÅ complexÅ H ϩ (OCS)(OCS),Å whileÅ theÅ interactionÅ inÅ the larger cluster ions H ϩ (OCS)(OCS) n with n Ն 2 is mainly electrostatic, and therefore, weaker.
OurÅpreviousÅstudyÅ Figure  4) .Å TheÅ relativeÅ ionÅ intensities become time-independent about 500 sÅafterÅtheÅelectronÅpulseÅandÅequilibrium constantsÅ wereÅ calculatedÅ usingÅ suchÅ intensities.Å It was confirmed that the equilibrium constants for reaction (eq 3) with n ϭ 1-3 were independent of the partial pressure of OCS in the range of 10 -100 mTorr. The behavior of the cluster ionÅ intensitiesÅ asÅ equilibriumÅ was approachedÅ was highlyÅunusual.ÅThis is illustratedÅinÅFigureÅ5,Åwhich demonstratesÅ theÅ timeÅ profiles of the normalized intensities for H ϩ (OCS)(OCS) n with n ϭ 0 -3 after the electron pulse at 161.5 K (1000/T ϭ 6.19). The H ϩ (OCS)(OCS) 3 intensity shows an initial steep increase followed by a rapid decrease toward a time-independent value. The same pattern, although less pronounced, applies to H ϩ (OCS)(OCS) 2 cluster. In contrast, the intensity of the H ϩ (OCS)(OCS) cluster shows a steady increase and becomes time-independent after ϳ600 s. The typically observed behavior is that the intensities of the largest clusters increase monotonically because larger clusters are formedÅfromÅsmallerÅones.ÅTheÅunusualÅbehaviorÅ(see FigureÅ 5 )Å suggestsÅ that,Å inÅ ourÅ case,Å theÅ largerÅ clusterÅ ions areÅ graduallyÅ convertedÅ toÅ smallerÅ ones.Å AÅ possibleÅ explanation is that the H ϩ (OCS)(OCS) n , n ϭ 1 and 2, cluster ions are composed of more than one isomer; that the initially formed isomers are thermochemically less stable, and that these are gradually converted to more stable isomers. The proposed scenario is supported by the calculations, as discussed below.
With decrease of temperature below ϳ130 K, cluster ions H ϩ (OCS)(OCS) n with n Ն 4 were formed. However, equilibria for reaction (eq 3) with n Ն 4 could not be determined. The equilibrium constants with n Ն 4 shownÅ inÅ FigureÅ , it is not the most stable isomer. Instead, the most stable dimer is S-C-O-H ϩ ÊO-C-S [n ϭ 1(a)], which is built on the less stable protonated specie (S-C-O-H ϩ ). In contrast, the most stable n ϭ 2(a) complex is that of SCOÊO-C-S-H ϩ ÊO-C-S, which containsÅ theÅ stableÅ O-C-S-H ϩÅ cationÅ (FigureÅ 6,Å n ϭÅ 2). Similarly, for the larger clusters with n Ͼ 2, the most stable isomer is the one that contains S-protonated OCS. TheÅ n ϭÅ 5Å clusterÅ hasÅ aÅ saturationÅ shellÅ (FigureÅ 6,Å n ϭÅ 5).
While the electronic charge in SCO-H ϩ -OCS is dispersed because of the formation of a strong hydrogen bond in the complex, the charge in OCSH ϩ ÊOCS is more localized in the OCSH ϩ core ion. In fact, loss of electron charge from the neutral OCS in n ϭ 1(a) is 0.16e,ÅwhileÅitÅisÅ0.11eÅinÅn ϭÅ1(b).ÅDueÅtoÅcharge localization in OCSH ϩ , the electrostatic interactions in OCS-H ϩ Ê(OCS) n are expected to be stronger than in SCO-H ϩ -SCOÊ(OCS) nϪ1 . The isomerization of initially formed OCSH ϩ Ê(OCS) n clustersÅ toÅ theÅ thermodynamically more stable n ϭ 1(a) structures, would explain the successive conversion to smaller cluster ions, The isomerization reaction may proceed via an intracluster proton transfer reaction in the H ϩ (OCS) 2 moiety, i.e., OCS-H ϩ ÊOCS ¡ OCSÊH ϩ -OCS. The isomerization reactions become progressively slower at lower temperature, probably due to the presence of an energy barrier for the intramolecular proton transfer reaction.
InÅ TableÅ 1,Å twoÅ calculatedÅ energies,Å Ϫ⌬E nϪ1,n (A) and Ϫ⌬E nϪ1,n (B), are shown. For n Ն 2, binding energies of Ϫ⌬E n-1,n (A)ÅareÅlargerÅthanÅthoseÅofÅϪ⌬E n-1,n (B).ÅAt n ϭ 1 ¡ 2, there is a switch of cluster series, B ¡ A.
Clustering Reaction of C 2 H 5 ϩ with OCS
The experimentally measured equilibrium constants for reaction (eq 2) are displayed as van't Hoff plots in ,n )Å areÅ summarizedÅ inÅ TableÅ 2. Due to weak bonding, the larger C 2 H 5 ϩ (OCS) n , n Ն 2, cluster ions were only observed below ϳ204 K. MeasurementsÅ ofÅ equilibriumÅ constantsÅ forÅ reactionÅ (eqÅ 2) were straightforward for the smaller clusters with n ϭ 1-Å 4,Å asÅ theseÅ equilibriaÅ wereÅ establishedÅ quickly.Å However, the approach to equilibrium was much slower for the larger clusters with n Ͼ 4. This is illustrated in FigureÅ 8 ,Å whichÅ showsÅ temporalÅ profilesÅ ofÅ theÅ cluster ions C 2 H 5 ϩ (OCS) n withÅ n ϭÅ 3-Å 6Å measuredÅ atÅ 141.5Å K.Å It is seen that the equilibrium between the n ϭ 3 and n ϭ 4 clusters is established already during the electron pulse, as shown by the fact that the ratio of the abundances maintains a constant value. The equilibrium between the n ϭ 5 and n ϭ 6 clusters is also quicklyÅ established.Å However,Å theÅ equilibriumÅ between the n ϭ 4 and n ϭ 5 clusters is approached very slowly and the ratio of the abundances of these clusters is still changingÅ afterÅ 2.5Å ms.Å Therefore,Å equilibriumÅ constants for this reaction were calculated from intensities measured at 2-3 ms after the electron pulse. The scatter in theÅ van'tÅ HoffÅ plotsÅ withÅ n ϭÅ 5Å inÅ FigureÅ 7Å indicatesÅ that the equilibrium was not established even after 2-3 ms. The fast establishment of equilibria between C 2 H 5 ϩ (OCS) n -clusters with n Յ 4, on the one hand, and between clusters with n Ն 5, on the other, while the equilibrium between the two groups is approached very slowly, suggest that the core ions C 2 H 5 ϩ have different structures in the two groups. This issue will be considered next.
InÅ ourÅ previousÅ workÅ [21],Å theÅ thermochemicalÅ stabilities and structures of the gas-phase cluster ions C 2 H 5 ϩ (Sol) n (Sol ϭ CO 2 and N 2 O) were studied. For the free, nonsolvated C 2 H 5 ϩ ion,Å itÅ wasÅ concludedÅ thatÅ only the nonclassical structure exists and the classical one is absentÅ (SchemeÅ 2).Å InÅ theÅ solvatedÅ clusters,Å onÅ theÅ other hand, C 2 H 5 ϩ was found to preferentially adopt the classical form.
There is a large gap between the n ϭ 1 and 2 lines in This implies that the C 2 H 5 ϩ ion has the classical structure. The weak interactions in the clusters with n Ն 2 indicate that the bonding of OCS in these clusters is mainly electrostatic in nature.
InÅ FigureÅ 8,Å itÅ wasÅ seenÅ thatÅ theÅ abundancesÅ ofÅ the larger cluster ions with n ϭ 5 and 6 decreased faster than those with n Յ 4. Thus, the larger cluster ions (n Ն 5) are gradually converted to smaller ones (n Յ 4). This is analogous to the behavior observed for H ϩ (OSC)(OCS) nÅ clustersÅ inÅ FigureÅ 5.Å WeÅ conjectureÅ that the classical structure is the most stable form of the C 2 H 5 ϩ core ion in the smaller clusters, C 2 H 5 ϩ (OCS) n , n Յ 4, whereas the nonclassical structure is the most stable form in the larger (n Ն 5) clusters. Additionally, it is assumed that all clusters, when formed at temperatures of 150 K or lower, initially retain the nonclassical form of free C 2 H 5 ϩ . However, the C 2 H 5 ϩ core ion gradually isomerizes from the nonclassical to the classical structure, and this is accompanied by the formation of a strong bond with one OCS ligand. With the nonclassical structure, the positive charge is mainly localized in C 2 H 5 ϩ , resulting in relatively strong electrostatic interactions with OCS ligands. However, when C 2 H 5 ϩ isomerizes to the classical C 2 H 5 ϩ structure and forms a semi-covalent bond with OCS, the positive charge will be dispersed in C 2 H 5 ϩ (OCS) 1 . This charge delocalization results in weaker electrostatic interactions with additional OCS ligands and changes the relative stabilities of different sized clusters. This would explain the faster decay of C 2 H 5 ϩ (OCS) n (n ϭÅ 5Å andÅ 6)Å thanÅ thoseÅ withÅ n ϭ 3Å andÅ 4Å inÅ FigureÅ 8.
With decreasing temperature, the difference in the decay rates of C 2 H 5 ϩ (OCS) n with n Յ 4 and Ն 5 became smaller. This may be due to a slowdown of the isomerization reaction of C 2 H 5 ϩ from the nonclassical to the classicalÅ structureÅ atÅ lowerÅ temperature.Å FigureÅ 9Å shows the temporal profiles of C 2 H 5 ϩ (OCS) n with n ϭ 4 -7 measured at 124.7 K (1000/T Ϸ 8). The equilibria for all cluster ions were established already during the electron pulse. It seems likely that the isomerization reaction is practically forbidden at this low-temperature. There is an increased gapÅ betweenÅ theÅ van'tÅ HoffÅ plotsÅ forÅ n ϭÅ 7Å andÅ 8Å inÅ Figure   Figure 10 . Geometries of C 2 H 5 ϩ (OCS) 1 optimized by RB3LYP/6-311G*. Distances are in Å. n ϭ 1(d) (TS) means that the isomer 1(d) is not at an energy minimum but at a saddle point. Stability of the four geometric isomers is in the order, 1(a) Ͼ 1(b) Ͼ 1(c) Ͼ 1(d) .
7,ÅbothÅofÅwhichÅwereÅmeasuredÅatÅ1000/TÅՆÅ 8.ÅThis suggests that the shell structure for the less stable cluster ions was completed with n ϭ 7.
TheÅ conclusionsÅ aboveÅ areÅ supportedÅ byÅ theÅ calculationsÅ asÅ shownÅ next.Å FigureÅ 10Å showsÅ fourÅ geometric isomers of C 2 H 5 ϩ (OCS) 1 ϩ preferably in the n ϭ 7(b), i.e., n ϭ 1(c) ϩ 6SCO isomer. In this geometry, the fifth (numeral 5 in circle) OCS ligand is an obstacle for isomerization toÅthe 1(a)-basedÅ series.
InÅ otherÅ words, the n Յ 4 clusters may take the more stable 1a-based geometries.
When the clusters are formed at low temperatures, the charge-controlled 1(c) series is generated primarily. As the temperature is raised, the ligand (OCS) fluctuation becomes active. For n Յ 4, rotation of the on-top OCS molecule leads to the isomerization to the 1(a) seriesÅ clusters.
TableÅ2 displaysÅtheÅcalculatedÅbindingÅenergies (Ϫ⌬E nϪ1,n ) for two series of clusters (A and B). Bold ones through the "bypass" are in good agreement with the present experimental data. The bypass point, n ϭ 4 ¡ 5, is consistent with the discussions based on the experimental data, although the calculated energies of n Ն 6 are somewhat underestimated relative to the observed ones.
Conclusions
The bifunctional OCS molecule has been studied in clustering reactions with four cations, OCS ϩ , S 2 ϩ , H ϩ SCO, and C 2 H 5 ϩ . It has been of mechanistic interest to examine the relation of the bifunctionality to the clustering pattern. In OCS ϩ (OCS) n and S 2 ϩ (OCS) 1 clusters, SÊS bonds are primarily formed with 23.9 Ϯ 2 and 12.9 Ϯ 1 kcal/mol (n ϭ 1) bond energies, respectively. OCS ϩ (OCS) n (n Ն 2) has small bond energies owing to the charge delocalization in OCS ϩ (OCS) 1 . The bifunctionality of OCS has afforded geometric isomers of H ϩ (OCS)(OCS) n and C 2 H 5 ϩ (OCS) n clusters. Whereas Figure 11 . Geometries of two C 2 H 5 ϩ (OCS) 7 isomers obtained from those of n ϭ 1(a) and n ϭ 1(c) , respectively. Scheme 3. To convert the nonclassical C 2 H 5 ϩ to the classical one, the fifth (numeral 5 in circle) ligand must be excluded.
OCS-H ϩ is more stable than H ϩ -OCS, OCS-H ϩ ÊOCS isÅ lessÅ stableÅ thanÅ SCOÊH ϩ -OCS.Å ThisÅ causesÅ anomalousÅ temporalÅ profilesÅ inÅ HPMSÅ experimentsÅ (FigureÅ 5). The bridged nonclassical form of the ethyl cation is preserved in n ϭ 5-8 of C 2 H 5 ϩ (OCS) n . For n Ͻ 5, the classical form C 2 H 5 ϩ is attained through isomerization. The C 2 H 5 ϩ (OCS) n species underwent the two-series clusters via the bypass without the serious contamination of van't Hoff plots. The experimental binding energies are in fair agreement with calculated ones. Coexistence of two geometric isomers may be recognized experimentally, when the pattern of covalent bonds of central cations is changed (e.g., H ϩ OCS ¡ OCSH ϩ and H ϩ C 2 H 4 ¡ H 3 C-CH 2 ϩ . OCS is stable in the troposphere (300 ϳ 220 K) and is supplied to the stratosphere (220 ϳ 270 K) where it contributes to the formation of stratospheric aerosol. So far, limited studies have been performed on ion/molecule reactions taking place in the stratosphere. In this work, it is shown that the bifunctionality of OCS may play important roles for the formation of various sulfur compounds in the stratosphere and interstellar medium.
